Peripheral tolerance can be achieved in many but not all murine allograft models. The requirements for controlling more aggressive immune responsiveness and generating peripheral tolerance in stringent allograft models are unknown. Understanding these requirements will provide insight toward ultimately achieving tolerance in humans, which are also resistant. We now demonstrate that the combination of donor-specific transfusion, anti-CD45RB, and anti-CD154 uniformly achieves >90-d survival of BALB͞c skin allografts on C57BL͞6 recipients. Recipients exhibit marked hyporesponsiveness to alloantigen in vitro. In distinct contrast to less rigorous models, engraftment remains absolutely dependent on cytotoxic T lymphocyte antigen 4 signaling, even after grafts are healed, suggesting that prolonged engraftment cannot simply be attributed to more effective depletion of alloreactive T cells but is actively maintained by regulation. Concordantly, we show that both CD4 and CD8 regulatory cells are required and can transfer donor-specific tolerance to naïve recipients. Nonetheless, most recipients ultimately develop gradual graft loss (median survival time ‫؍‬ 140 d), suggesting that alloreactive cells emerging from the thymus eventually overwhelm regulatory capacity. In agreement, adding thymectomy to the regimen results in permanent engraftment (>250 d) and donor-specific tolerance not observed previously in this model. These results highlight the potency of both CD4 and CD8 regulatory cells but also suggest that in stringent settings, regulatory T cell longevity and capacity for infectious tolerance compete with prolonged graft immunogenicity and thymic output. These results provide insight into the mechanisms of tolerance in stringent models and provide a rational basis for innovative tolerogenic strategies in humans.
Peripheral tolerance can be achieved in many but not all murine allograft models. The requirements for controlling more aggressive immune responsiveness and generating peripheral tolerance in stringent allograft models are unknown. Understanding these requirements will provide insight toward ultimately achieving tolerance in humans, which are also resistant. We now demonstrate that the combination of donor-specific transfusion, anti-CD45RB, and anti-CD154 uniformly achieves >90-d survival of BALB͞c skin allografts on C57BL͞6 recipients. Recipients exhibit marked hyporesponsiveness to alloantigen in vitro. In distinct contrast to less rigorous models, engraftment remains absolutely dependent on cytotoxic T lymphocyte antigen 4 signaling, even after grafts are healed, suggesting that prolonged engraftment cannot simply be attributed to more effective depletion of alloreactive T cells but is actively maintained by regulation. Concordantly, we show that both CD4 and CD8 regulatory cells are required and can transfer donor-specific tolerance to naïve recipients. Nonetheless, most recipients ultimately develop gradual graft loss (median survival time ‫؍‬ 140 d), suggesting that alloreactive cells emerging from the thymus eventually overwhelm regulatory capacity. In agreement, adding thymectomy to the regimen results in permanent engraftment (>250 d) and donor-specific tolerance not observed previously in this model. These results highlight the potency of both CD4 and CD8 regulatory cells but also suggest that in stringent settings, regulatory T cell longevity and capacity for infectious tolerance compete with prolonged graft immunogenicity and thymic output. These results provide insight into the mechanisms of tolerance in stringent models and provide a rational basis for innovative tolerogenic strategies in humans.
transplantation ͉ rodent ͉ CD4 cell ͉ CD8 cell ͉ regulatory T cell I mmunological tolerance remains an unfulfilled goal in clinical transplantation. Although peripheral tolerance can be achieved in many rodent transplant models, others remain resistant. The degree of resistance to tolerance depends on the type of allograft, the extent of allogeneic disparity, and poorly defined genetic factors encoded outside of the MHC (1) (2) (3) (4) . Together, these factors determine allograft immunogenicity, responding clone size, and type and aggressiveness of the immune response.
Because the immunological response differs, the requirements for achieving tolerance vary with stringency of the model (1-4). Whereas T helper 2 deviation alone may interrupt autoimmunity or prevent allograft rejection across minor mismatches, prolonged survival of MHC disparate allografts requires T cell deletion to trim the relatively large responding clone size (1, (5) (6) (7) . In fully allogeneic skin transplantation, alloaggressive CD8 cells play an important role in rejection, particularly in genetic high-responder strains like C57BL͞6 (3, 4, 8, 9) . Such CD8 cells are generally resistant to costimulatory blockade, and prolongation of graft survival requires therapeutic agents that directly target CD8 cells [such as anti-CD8 mAbs or donor-specific transfusion (DST)], in addition to agents that alter CD4 responses (3, 4, 9, 10 ). Yet, these approaches remain insufficient, and thus the requirements for achieving tolerance in stringent skin graft models remain unclear.
CD4 ϩ regulatory T cells (Tregs) are generated in many transplant models and may contribute to maintaining tolerance (11) (12) (13) . However, their role in stringent allograft models is not well established. For example, CD4 CD25 ϩ Tregs from tolerant, fully allogeneic skin graft recipients could adoptively transfer tolerance to immunodeficient recipients; however, tolerance was neither donor-specific nor cytotoxic T lymphocyte antigen 4 (CTLA-4)-dependent (10) . Moreover, similar numbers of CD25 ϩ Tregs with the same activity were also found in naïve mice, nontolerant allograft recipients, and mice with established mixed chimerism. Thus, these cells were not specifically induced, and their role in maintaining primary skin graft survival is unclear. In a more stringent strain combination where peripheral tolerance had not been achieved, CD4 cells were required to maintain skin graft survival (14) . However, these cells did not exhibit regulatory activity, and subsequent studies revealed that the essential role for CD4 cells in this model relates to an important role in CD8 cell depletion (14, 15) .
To study the requirements of peripheral tolerance in stringent transplant models, we used a synergistic combination of anti-CD45RB, anti-CD154, and DST, which allowed markedly prolonged engraftment in all mice using highly resistant C57BL͞6 recipients of BALB͞c skin grafts. Unlike the case in less stringent models, blocking anti-CTLA-4 mAbs could precipitate late rejection of skin grafts, indicating that alloreactive cells were being held in check by Tregs. Adoptive transfer studies revealed that both CD4 cells and CD8 cells exhibited Treg activity. In agreement, graft survival was shortened in both CD4-and CD8-deficient recipients. Ultimately, most mice treated with this regimen developed rejection, suggesting that the balance between Tregs and alloreactive T cells emerging from the thymus was eventually tipped. Concordantly, addition of thymectomy to this regimen allowed permanent engraftment and long-term donor-specific tolerance not previously achieved in this stringent allograft model. Surgical Procedures. Full-thickness BALB͞c skin was grafted to the dorsum of C57BL͞6 recipients as described in ref. 17 . Rejection was defined as complete loss of viable skin on visual inspection. As indicated, C57BL͞6 mice were thymectomized by suction that was applied through a sternotomy.
Methods
Cell Purification and Adoptive Transfer. C57BL͞6 recipients of BALB͞c skin were treated with DST plus anti-CD45RB and anti-CD154. After 40 d, CD4 or CD8 cells from lymph nodes and spleen were purified by positive selection by using MACS isolation kits (Miltenyi Biotec, Auburn, CA). Cell purity was Ͼ98% by flow cytometry. Isolated cells were adoptively transferred (i.v.) with or without splenocytes from naïve C57BL͞6 mice into C57BL͞6 Rag KO mice that had received a heterotopic BALB͞c cardiac allograft 1 d earlier, as described in ref. 16 . Rejection of cardiac allografts was defined as cessation of a palpable beat and was confirmed by direct visualization after laparotomy (16) .
Enzyme-Linked Immunospot (ELISPOT)
. ELISPOT was performed as described in ref. 16 . Briefly, immunospot plates (Cellular Technology, Cleveland) were coated with anti-mouse IFN-␥ (4 g͞ml). Recipient splenocytes plus irradiated (3,000 rad) syngeneic or allogeneic splenocytes (10 6 each) were cultured for 24 h, incubated with biotinylated anti-mouse IFN-␥ (2 g͞ml) and streptavidin horseradish peroxidase (DAKO), and developed with 3-amino-9-ethylcarbazole (Sigma-Aldrich). The resulting spots were counted on a computer-assisted immunospot image analyzer (T Spot Image Analyzer, Cellular Technology). mAbs were from Pharmingen.
Serum Alloantibody. Serial dilutions of sera from C57BL͞6 recipients of BALB͞c skin grafts were added to naïve BALB͞c splenocytes, followed by anti-mouse Ig secondary Ab. Test samples were compared with isotype-matched controls, and the relative median fluorescence was determined.
Results

DST Dramatically Enhances Skin Graft Survival Induced by Anti-
CD45RB Plus Anti-CD40L in a Stringent Allograft Model. We previously demonstrated synergy between anti-CD45RB and anti-CD154 in skin transplantation (17) . Whereas individually these agents do not prolong engraftment, combined therapy allows 40% of allografts to survive Ͼ65 d and 15% of allografts to survive Ͼ100 d (Fig. 1 ). Previous reports indicated that anti-CD154 plus DST could also significantly prolong skin graft survival in this strain combination (14) . Here, the addition of DST to anti-CD40L increased MST from 14 to 20 d; however, two of six recipients exhibited graft survival for almost 100 d (Fig. 1 ). Based on this synergy, we added DST to anti-CD45RB plus anti-CD154. This combination dramatically enhanced skin engraftment, with all recipients surviving Ͼ90 d (MST ϭ 140 d; Fig. 1 ). Although this regimen induces long-term survival, most allografts were subject to late indolent rejection, and only 20% of the allografts remained healthy at 250 d (Fig. 1) . Nonetheless, this approach greatly prolonged graft survival and provided an opportunity to study the mechanisms involved in anticipation of understanding the requirements for achieving peripheral tolerance.
Significant Loss of Alloreactivity Induced by DST Plus Anti-CD45RB
mAb and Anti-CD154 Therapy. To determine the effects of combination therapy on in vivo T cell priming, we examined the frequency of IFN-␥-producing donor-specific T cells in skin allograft recipients by enzyme-linked immunospot on d 10 (16). The frequency of alloreactive T cells after DST͞anti-CD45RB͞ anti-CD154 treatment was extremely low and significantly lower than after DST alone or anti-CD45RB plus anti-CD154 ( Fig.  2A) . This decrease is likely to be important in promoting long-term engraftment in this setting, because rejection of skin grafts correlates with increased IFN-␥ production by T cells from stringent recipients like C57BL͞6 (4). Thus, anti-CD45RB plus anti-CD154 significantly inhibit alloresponsive T cells, and inhibition is markedly enhanced by addition of DST.
To assess B cell-mediated humoral alloimmune responses, we measured alloantibody production by flow cytometry (18, 19) . Whereas untreated recipients or recipients treated with DST alone mounted a significant alloantibody response, anti-CD45RB plus anti-CD154 treatment (with or without DST) significantly inhibited alloantibody production (Fig. 2B ). These studies demonstrate that this combination regimen prevents significant T and B cell priming after skin transplantation.
Role of CTLA-4 in Long-Term Allograft Acceptance. The marked decrease in T cell priming after combination therapy could be due to depletion of alloreactive clones. Both DST an anti-CD40L have both been shown to act at least in part through depletion of CD8 and CD4 cells (9, 20, 21) . To determine whether DST enhances graft survival mediated by anti-CD154 and anti-CD45RB. Recipient mice were treated as indicated (see Methods for details). DST plus anti-CD45RB did not enhance graft survival over anti-CD45RB alone. In contrast, DST plus anti-CD40L significantly prolonged graft survival over anti-CD154 alone (P ϭ 0.025). DST was most effective in combination with both anti-CD45RB mAb and anti-CD154 mAb (MST ϭ 140 d; P Ͻ 0.0001, with vs. without DST).
complete deletion explains the decreased alloreactivity and improved graft survival observed after combination therapy, we assessed the effect of CTLA-4 blockade. CTLA-4-mediated negative signals appear to be essential for tolerance induction by various peripheral strategies (14, 16, (22) (23) (24) (25) . Indeed, if alloreactive T cells have been deleted, anti-CTLA-4 should not precipitate rejection by augmenting the T cell response. Treatment with anti-CTLA-4 in the peritransplant period resulted in acute rejection in five of six recipients ( Fig. 3; MST ϭ 22.5 d) .
Although CTLA-4 signaling has been shown to be critical for initial engraftment in various transplant models, CTLA-4 blockade does not precipitate rejection during the maintenance phase of transplant tolerance to vascularized cardiac allografts (16, 23, 24) . In contrast, administration of anti-CTLA-4 to recipients of well healed skin allografts (starting on d 30) results in rejection in all recipients (MST ϭ 75 d; Fig. 3 ). Thus, in the setting of a more stringent allograft, CTLA-4 signaling is critical not only for induction but also for maintenance of long-term allograft survival. Although deletion may contribute to the hyporesponsiveness and prolonged allograft survival that is observed, alloreactive T cells are still present but are apparently kept in check by active regulatory mechanisms. Importantly, anti-CTLA-4 interferes with Treg function (26) (27) (28) . Taken together, these results suggest that potentially alloreactive T cells are still present and respond once released from active control by Tregs.
Generation of CD4 ؉ and CD8 ؉ Tregs by DST͞Anti-CD45RB͞Anti-CD154
Treatment. To directly address whether Tregs were generated by treatment with DST͞anti-CD45RB͞anti-CD154, we used an adoptive transfer model (11) (12) (13) . C57BL͞6 recipients of BALB͞c skin grafts received combination therapy. Forty days later, 5 ϫ 10 6 splenic mononuclear cells from these mice were adoptively transferred into C57BL͞6 Rag KO recipients that had received a BALB͞c heart allograft 1 d earlier. As shown in Table  1 , adoptive transfer of 5 ϫ 10 6 naïve C57BL͞6 splenocytes into Rag KO mice resulted in prompt rejection (MST ϭ 9 d). In contrast, the same number of C57BL͞6 splenocytes transferred from treated skin graft recipients did not precipitate rejection in any recipients (MST Ͼ 100 d). Importantly, when Rag KO recipients were reconstituted with equal numbers of C57BL͞6 splenocytes from both naïve mice and treated skin graft recipients, allograft rejection did not occur. Furthermore, adoptively transferred splenocytes from treated mice rapidly rejected thirdparty (C3H) allografts (MST ϭ 9 d). These data indicate that T cells from treated mice are immunocompetent and that rejection is being prevented by donor-specific Tregs. Importantly, upon fractionation, we found that both CD4 and CD8 cells from transplanted mice treated with DST͞anti-CD45͞anti-CD154 demonstrate regulatory activity (Table 1) . In contrast to CD4 ϩ Tregs, the in vivo role of regulatory CD8 cells in allograft models is not well understood.
Role of DST͞Anti-CD45RB͞Anti-CD154 in CD4-and CD8-Deficient Mice.
To more directly address the role of CD4 and CD8 cells in prolonged allograft survival, we used C57BL͞6 CD4 KO or CD8 KO mice as skin allograft graft recipients. Similar to WT mice, untreated CD4 and CD8 deficient recipients promptly reject BALB͞c skin allografts (MST 13d and 9d, respectively). As shown (Fig. 4) , combination therapy did significantly prolong skin graft survival in both CD4 and CD8 KO mice. However, long-term skin allograft survival in CD4 KO recipients was significantly worse than in WT recipients treated with the same regimen (MST ϭ 108 vs. 140 d, respectively; Fig. 4A ). Moreover, treated CD8 KO recipients also exhibited a significant decrease in long-term engraftment compared with WT mice (MST ϭ 92 d vs. 140 d, respectively; Fig. 4B ). These data support the notion that both CD8 and CD4 cells with regulatory activity play an important role in maintaining long-term allograft survival in this model.
Addition of Thymectomy Leads to Donor-Specific Peripheral Toler-
ance. DST͞anti-CD45RB͞anti-CD154 treatment has a remarkable affect on allograft survival in this stringent model. None of the grafts were lost for Ͼ90 d, and, moreover, when rejection occurred, graft loss in individual mice was slowly progressive. Thus, in terms of timing and tempo, skin graft rejection was delayed and chronic. Taken together, the data suggest that regulatory activity either fades over time and͞or that new alloreactive T cells emerging from the thymus gradually overwhelm the capacity of regulatory cells to prevent rejection. To test the latter possibility, we performed thymectomy on mice before skin transplantation and treatment with DST͞anti-CD45RB͞anti-CD154. As shown in Fig. 5 , all such recipients accepted grafts indefinitely (MST Ͼ 250 d). Remarkably, all of these mice also accepted donor strain second skin allografts (MST Ͼ 100 d) but acutely rejected third-party skin allografts (MST ϭ 12 d; Table 2 ). In both settings, the initial skin graft was preserved.
Discussion
Stringent skin allografts are highly resistant to the induction of peripheral tolerance, and thus the requirements for tolerance remain unclear. Indeed, it has been suggested that peripheral tolerance mechanisms may not be sufficiently robust and that only central deletion (i.e., after bone marrow replacement or mixed chimerism) can ensure robust tolerance in this setting (29) . We now show that a peripheral strategy employing DST, anti-CD45RB, and anti-CD154 markedly prolongs allograft survival in C57BL͞6 recipients of BALB͞c skin grafts, with some allografts surviving Ͼ250 d. Long-term engraftment was associated with marked hyporesponsiveness to donor alloantigen and requires both CD4 and CD8 Tregs. Addition of thymectomy converted prolonged engraftment into robust donor-specific Table 2 . Donor-specific tolerance to second skin grafts >100 d after placement of first skin graft in thymectomized recipients initially treated with DST, ␣-CD45RB, and ␣-CD154 peripheral tolerance, not previously reported in this stringent model. These data are consistent with the notion that alloreactive cells emerging from the thymus accumulate and eventually overwhelm regulatory capacity. Both CD25 ϩ and CD25 Ϫ CD4 Tregs have been shown to play a role in allograft tolerance (11) (12) (13) . One difficulty with the use of CD25 as a marker for Tregs is lack of specificity. Indeed, up to 40-50% of natural (Foxp3 ϩ ) Tregs in spleen and tissues are CD25 Ϫ (30) . Tregs can prevent adoptively transferred naïve cells from rejecting allografts, prevent rejection of second allografts sharing only one haplotype with the original allograft (linked suppression), adoptively transfer tolerance to naïve recipients, and induce naïve cells to gain regulatory activity (infectious tolerance). However, the actual requirement for Tregs in maintaining primary allograft survival is not well defined. The role of CD4 Tregs in stringent skin graft models is considerably less clear. As noted previously, equivalent CD4 ϩ CD25 ϩ ''natural'' Tregs that are capable of adoptively transferring tolerance to new hosts could be obtained from naïve mice and from both tolerant and nontolerant recipients of fully allogeneic skin transplants (10) . In the same stringent strain combination used here, prolonged skin graft survival in the absence of tolerance was not associated with regulatory CD4 cells (14, 15) .
The current study indicates that CD4 ϩ Tregs do play an important role in maintaining graft survival in a stringent setting where tolerance is achieved. The origin of these Tregs (induced or natural) and phenotype (e.g., Foxp3 and CD25 expression) will require further investigation. CTLA-4 is a potent inhibitor of T cell activation. Both induced and natural CD4 ϩ Tregs express CTLA-4, which is also induced by anti-CD45RB treatment (22, (31) (32) (33) . In contrast to effector T cells, CTLA-4 blockade appears to directly inhibit Tregs, which augments autoimmunity in several models (26) (27) (28) . Another interpretation of these data is that under the influence of CTLA-4 blockade, effector cells are less subject to regulation by CD4 Tregs. Either way, our data indicate that Tregs are required to keep effector cells in check even after stable engraftment. This finding is distinctly different from the case in less stringent allograft models, where anti-CTLA-4 does not precipitate rejection unless given in the peritransplant period, even when the same therapeutic agents are involved (16, 23, 24) . The ability of CD4 Tregs to maintain engraftment in such stringent models demonstrates their potency.
Although suppressor T cells were initially described as being CD8 ϩ (34), much of the renewed interest in regulation has focused on CD4 cells. However, several recent studies provide insight into CD8 ϩ Tregs and are relevant to alloimmunity. Human CD28 Ϫ CD8 cells isolated after multiple rounds of in vitro allogeneic stimulation suppress CD4 proliferation in vitro by inhibiting antigen-presenting cell maturation (35) . In addition, human CD8 ϩ Tregs can be generated by culturing with allogeneic plasmacytoid dendritic cells (36) . These cells inhibit allospecific proliferation of naïve CD8 cells through IL-10 secretion. Nevertheless, the in vivo role of CD8 ϩ Tregs in allograft tolerance is not well defined. There exists a single report that rats made tolerant by administration of UVirradiated donor splenocytes starting 3 weeks before cardiac transplantation harbor CD8 cells capable of adoptively transferring tolerance in 60% of irradiated naïve cardiac allograft recipients (37) . However, the role of CD8 Tregs in stringent allograft models using a clinically applicable therapeutic regimen has not been previously described. The importance of CD8 Tregs in maintaining graft survival in the current model is suggested by their ability to transfer tolerance to immunodeficient mice and the decreased graft survival noted in CD8 KO mice. This involvement of CD8 Tregs is important because CD8 effectors have been shown to play a key role in the rejection of stringent skin grafts. This dual role may explain why attempts to induce tolerance to stringent skin grafts by CD8 cell depletion have been unsuccessful (3, 4) . Further characterization of the phenotype of CD8 Tregs involved in skin graft tolerance (e.g., CD28 and Foxp3 expression) will be required to determine whether these cells can be separated from CD8 effector cells, which may have therapeutic implications, as noted above.
The pattern of rejection after combination therapy suggests additional differences in the immune response to stringent allografts. The rejection of skin grafts after such a marked delay and its prevention by thymectomy distinguish this model from other rodent allograft models where graft survival of 100-120 d signifies permanent engraftment in euthymic recipients. It is known that ''danger'' signals after skin transplantation persist long term (38) . In the current setting, addition of thymectomy (which prevents emergence of new naïve effector cells after therapeutic agents have disappeared) results in long-term donorspecific tolerance. Taken together, these data suggest that nascent alloreactive cells from the thymus accumulate until they ultimately overwhelm the capacity of Tregs to maintain tolerance or induce new regulatory cells. Even if Treg activity does diminish over time, tolerance is only broken when new effector cells can arise (through an intact thymus). Thus, we conclude that accumulation of new effector cells is the predominant mechanism by which late rejection occurs. Moreover, these data suggest that Tregs and infectious tolerance have their limits in the face of inherently aggressive effector cells in genetic highresponder strains. That late rejection does not occur in less stringent allograft models suggests that danger signals do not persist for as long and͞or that less aggressive effector cells are insufficient to overwhelm regulatory capacity. On a practical level, late rejection indicates that reports of long-term skin graft survival based on observation of Ͻ150-200 d must be viewed with caution.
Finally, the requirements for tolerance in this model may provide insight into tolerance induction in primates, which are also highly resistant. On the one hand, the thymus is much less active in adult humans than in young mice, possibly obviating the need for thymectomy. On the other hand, the time scale required for maintaining ''tolerance'' is much longer. Thus, robust tolerance in mice might translate into shorter-term ''operational tolerance'' in humans that may require periodic retreatment to reestablish the balance between regulatory and effector cells.
In summary, these findings further our understanding of both the alloimmune response and requirements for tolerance to stringent allografts. Both CD4 and CD8 Tregs are required to maintain tolerance in this setting, demonstrating the extent of their potency. In addition to establishing the role of CD4 Tregs in stringent models, we demonstrate that ongoing CTLA-4 signaling is required to maintain ''allograft homeostasis.'' An aggressive CD8 response has been viewed as a major hurdle to skin transplantation. Although relatively little is known about alloreactive CD8 ϩ Tregs in vivo, CD8 cells with in vitro regulatory activity have been detected in the peripheral blood of stable cardiac allograft recipients (39) . Our data provide additional impetus to understand how these cells are induced and to rationally design therapeutic strategies that will limit alloaggressive CD8 cells but spare the regulatory subset. Despite the presence of potent Tregs in stringent allograft models, infectious tolerance and͞or Treg durability appear to have their limitations. We speculate that in adult primates, maintaining robust and long-lived peripheral tolerance will depend on a balance between regulatory cells, thymic activity, and persistence of danger signals and, as in murine models, will depend on recipient age, genetic makeup, allogeneic disparity, and type of allograft. Indeed, tolerogenic regimens may require individualization. Moreover, thymectomy or periodic retreatment to reestablish the balance between regulatory and effector cells may be required.
